Abstract. Renal cell carcinoma (RCC) is resistant to chemotherapy partly due to the overexpression of the P-glycoprotein. Several tumor suppressor genes have been reported to be silenced by hypermethylation of the promoter region in RCC. We recently reported that the in vitro cytotoxicity of vinblastine (VBL) was enhanced by pre-treatment with the demethylating agent, 5-aza-2'-deoxycytidine (Aza), in the RCC cell line, Caki-1. In this study, we investigated the combined effect of Aza and VBL in a Caki-1 xenograft model and in other RCC cell lines in vitro. In the xenograft model, tumor volume and weight were significantly suppressed in the co-treatment group, compared to the control, and the expressions of P-glycoprotein, Bcl-2 and cyclin B1 were reduced. Thus, this combined effect could be mediated by the accumulation of intracellular VBL and the enhancement of apoptosis and cell cycle arrest. Moreover, the cytotoxicity of VBL was enhanced in vitro in three RCC cell lines by Aza treatment. These findings suggest that the combination treatment with Aza and VBL is effective against RCC.
Introduction
Kidney cancer accounts for approximately 2% of all cancers (1), the most common form of kidney cancer in adults being renal cell carcinoma (RCC). Approximately 33% of patients have metastatic disease at presentation, and 40% of patients undergoing nephrectomy eventually develop metastasis (2) . In addition, advanced RCC has been reported to be highly resistant to conventional chemotherapy (3) . Thus, the prognosis of metastatic RCC is extremely poor, with 5-year survival rates of 5-10% (4) . Previously, immunotherapy with interferon-α and interleukin-2 was the general therapy against metastatic RCC, but the response rate was only 10-20% (4) . Recently, several molecular-targeted agents, such as sorafenib (5) , sunitinib (6) , everolimus (7) and temsirolimus (8) have been approved for RCC treatment. Thus, a wide range of choices is now available for RCC treatment (9) . However, it has been reported that these molecular-targeted agents often cause severe adverse effects (10) . Therefore, these agents should be administered carefully. Furthermore, new therapeutic strategies for the treatment of metastatic RCC need to be established.
The multidrug resistance 1 gene (MDR1) product P-glycoprotein (P-gp) functions as an energy-dependent transport pump capable of decreasing the intracellular concentration of a wide range of anticancer agents, thereby conferring chemoresistance to cancer cells. Agents that inhibit P-gp function, such as cyclosporine A and valspodar (PSC-833), have been tested in clinical trials. However, these agents show toxic sideeffects and pharmacokinetic interactions. New P-gp inhibitors with fewer pharmacokinetic interactions need to be developed (11, 12) . Evidence suggests that P-gp could contribute to the chemoresistance of RCC. For instance, the overexpression of P-gp is found in 76% of RCC specimens (13) , and P-gp activity is higher in RCC cells than in normal renal cells (14) . Thus, P-gp could be an attractive target for overcoming chemoresistance.
It has been shown that some tumor-suppressor genes are silenced by hypermethylation of the promoter region in various cancers, and this could contribute to carcinogenesis and cancer progression (15) . Several tumor suppressor genes have been reported to be inactivated by promoter hyper methylation in RCC. Examples include genes encoding von Hippel-Lindau (VHL) (2), E-cadherin (16, 17) and RASSF1A (18) . DNAdemethylating agents can reverse hypermethylation by inhibiting DNA methyltransferase, restoring gene expression, and exerting antitumor effects, at least in laboratory models (19, 20) . In the clinical setting, 5-aza-2'-deoxycytidine (Aza) (21) and 5-azacytidine (22) are administered to patients with myelodysplastic syndrome. Unfortunately, these demethylating agents have shown little activity in solid tumors (23 Current cancer treatment approaches involve, in most cases, the combination of two or more anticancer drugs. This occurs for the reason that the administration of a single agent is not expected to be highly effective. Moreover, tumors often acquire resistance to the administered drug. Although the administration of a demethylating agent alone is clinically ineffective against solid tumors, the combined treatment with demethylating agents and cytotoxic drugs has shown potential antitumor activity in vitro and in vivo (24) (25) (26) . It has been hypothesized that demethylating agents restore the expression of epigenetically silenced genes and sensitize cancer cells to anticancer drugs (25) . However, reports on the combined effect of demethylating agents and cytotoxic drugs against RCC are limited.
We recently reported that the in vitro cytotoxicity of vinblastine (VBL) is enhanced by the pre-treatment of the RCC cell line, Caki-1, with Aza (27) . VBL is one of the few classical cytotoxic drugs against RCC (28) . We also showed that the combined effect of Aza and VBL was induced via the restoration of the connexin (Cx) 32 gene by demethylation of the promoter region and depression of P-gp expression (27) . The gene encoding the gap junction protein, Cx32, is considered to be a tumor-suppressor gene in RCC (29) . In this study, we investigated the combined effect of Aza and VBL in a Caki-1 xenograft model and in other RCC cell lines in vitro. We discuss the usefulness of Aza for the treatment of RCC.
Materials and methods
Materials. Aza was purchased from Sigma (St. Louis, MO, USA) and VBL was obtained from Wako Pure Chemicals (Osaka, Japan). Aza and VBL were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mM and 1 mM, respectively, and diluted in culture medium for in vitro studies. Alternatively, Aza and VBL were dissolved in phosphatebuffered saline (PBS) for in vivo studies. 3-[4, 5-dimethyl thiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT; Wako Pure Chemicals) was dissolved in PBS at a concentration of 5 mg/ml and diluted to 0.25 mg/ml in serum-free medium. PCR primers were purchased from Sigma Genosys (Hokkaido, Japan).
Cell culture. Three human RCC cell lines, Caki-1 (ATCC, Manassas, VA, USA), 786-O and A498 (gifts from Dr Tomohiro Yano, Toyo University, Japan), were used. Caki-1 cells were maintained in McCoy's 5A medium (Gibco, Gaithersburg, MD, USA) containing 10% fetal bovine serum (FBS), 100 units/ml of penicillin, and 100 µg/ml of streptomycin (Gibco). 786-O and A498 cells were maintained in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% FBS and antibiotics as described above. All cells were incubated at 37˚C in 5% CO 2 .
Mouse xenograft experiments. Approximately 1x10 7 Caki-1 cells in Matrigel (BD Biosciences, Bedford, MA, USA) were transplanted subcutaneously into the right flank region of 5-week-old male athymic BALB/c nu/nu mice (Charles River Laboratories Japan Inc., Yokohama, Japan). On day 9, mice were randomized into four groups (six mice per group) as follows: Untreated control, Aza alone, VBL alone, or a combi- Drug treatment. Cells were plated on day -1 and treated according to four protocols as follows: Untreated control, Aza alone, VBL alone, or Aza followed by VBL. On day 0, the culture medium was removed and new medium containing Aza (or vehicle) was added. On day 3, the medium was replaced with a new medium containing VBL (or vehicle). The assays were performed on day 5.
Cell viability assay. Cells were plated in 96-well microtiter plates and treated as described above. Thereafter, the medium was removed and 100 µl of MTT solution were added. After 1-h incubation, the MTT solution was replaced with 100 µl of DMSO to dissolve the tetrazolium crystals. Finally, the absorptions were read at a test wavelength of 540 nm and a reference wavelength of 650 nm with a Multiskan JX microplate reader (Thermo Labsystems, Cheshire, UK). Cell viability (%) was calculated as [optical density (OD) of the treated wells]/(OD of the control wells) x 100.
Flow cytometric analysis of the cell cycle. Cells were plated in 60-mm dishes and treated as described above. Thereafter, the cells were collected and fixed with 80% ethanol. Before analysis, the cells were incubated at 37˚C for 30 min in PBS containing 0.05 mg/ml of propidium iodide (Wako Pure Chemicals) and 0.2 mg/ml of RNase A (Sigma). The cell suspension was passed through a nylon mesh and analyzed on a MoFlo cell sorter (Dako Cytomation, Kyoto, Japan).
Reverse transcription real-time PCR analysis. Cells were seeded in 6-well microtiter plates and treated as described above. Total RNA was extracted from the treated cells and xenografts with the RNeasy mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. cDNA was synthesized in a 40-µl reaction mixture with 1 µg of total RNA by using the PrimeScript RT Reagent Kit (Takara Bio Inc., Shiga, Japan). Real-time PCR was performed with the ABI StepOne Real-Time PCR System (Applied Biosystems Japan Ltd., Tokyo, Japan) and SYBR Premix Ex Taq (Takara Bio Inc.). Primer sequences (except those for Cx32) are listed in Table I . For amplification of the Cx32 gene, we used the Hs_GJB1_1_SG QuantiTect Primer Assay (200) (Qiagen). The PCR reaction was performed at 95˚C for 10 sec, followed by 40 cycles at 95˚C for 5 sec and 60˚C for 31 sec. All data were normalized to the internal standard RPL32.
Western blot analysis. Cells were seeded in 6-well microtiter plates and treated as described above. The treated cells and xenografts were lysed in ice-cold lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X, 10 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail (Sigma)]. Protein concentrations were determined using the DC protein assay kit (Bio-Rad, Tokyo, Japan). Protein extract (20 µg) was loaded onto a 7.5 or 12% SDS-polyacrylamide gel and separated by electrophoresis. The separated proteins were then transferred to a polyvinylidene difluoride membrane (ATTO, Tokyo, Japan). After the membrane was blocked with 5% non-fat milk overnight, it was incubated with a primary antibody for 1 h, followed by a secondary antibody for 1 h. We used the following human reactive antibodies: Anti-P-gp (1/500), antip21 (1/200) and anti-β-actin (1/10000) from Sigma; anti-Bax Immunoreactive bands were detected with an ECL detection reagent (Millipore, Billerica, MA, USA). We used β-actin as the internal standard.
Methylation-specific PCR analysis. The chemical modification of cytosine to uracil by bisulfite treatment is useful for the analysis of the methylation status of a gene promoter. In this reaction, unmethylated cytosines are converted to urasil, whereas methylated cytosines remain as cytosines. Cells were plated in 6-well microtiter plates and treated with Aza (or the vehicle) for 72 h. Thereafter, genomic DNA was extracted from the cells by using the QIAamp DNA Blood Mini Kit (Qiagen). The extracted DNA was then subjected to bisulfite treatment using the Methylamp DNA Modification Kit (Epigentek Group Inc., Brooklyn, NY, USA) according to the manufacturer's instructions. The modified DNA was used as a template for methylation-specific PCR. Primer sequences are listed in Table II . The PCR reaction was performed at 94˚C for 5 min, followed by 38 cycles at 94˚C for 30 sec, 55˚C (methylated sequence) or 60˚C (unmethylated sequence) for 1 min, 72˚C for 1 min, and then at 72˚C for 5 min. After amplification, the PCR products were electrophoresed on a 3% agarose gel.
Statistical analysis. Statistical analyses were performed using the Dunnett's test or the Tukey-Kramer test for the comparison of multiple groups. A value of P<0.05 was considered to be statistically significant. 
Results
Effect of Aza and VBL on tumor growth in a Caki-1 xenograft model. The body weight of mice decreased by 1-3 g after the first administration of VBL. However, no further loss of body weight resulted from additional VBL injections (Fig. 1A) , suggesting that Aza and VBL were well tolerated at the doses used in this study.
Although the treatment with Aza or VBL alone caused little effect on tumor growth, tumor volume was significantly suppressed by co-treatment with Aza and VBL, compared to the control group (Fig. 1B) . Relative tumor volume tended to be lower in the co-treatment group (Fig. 1C) . In addition, tumor weight was significantly decreased in the co-treatment group, compared to the control and VBL alone groups (Fig. 1D) . These results confirm that the combined treatment with Aza and VBL is effective in a Caki-1 xenograft model.
Effect of Aza and VBL on the expression of mRNA and protein in Caki-1 xenografts.
We then investigated the mechanisms of this combined effect. As for the expression of mRNA in the xenografts (Fig. 2) , the MDR1, p21, and the X-linked inhibitor of apoptosis protein (XIAP) associated factor-1 (XAF1) mRNA expression tended to be increased in the co-treatment group. On the contrary, the mRNA expression of Cx32 was decreased and that of vascular endothelial growth factor (VEGF) and E-cadherin was unaffected in the co-treatment group.
As shown in Fig. 3 , we determined the protein expression levels of several additional factors involved in the cell cycle and apoptosis as well as the factors whose mRNA expression was up-regulated by drug treatment. The expression of P-gp was suppressed in the xenografts of the co-treatment group, yet MDR1 mRNA expression was increased. In the co-treatment Aza and VBL were administered as described in the legend to Fig. 1 . Total RNA was extracted from xenografts and the mRNA levels were determined by real-time PCR. The mRNA level of each gene was normalized to the internal standard RPL32 and presented as a ratio to the control. Each value represents the mean ± SE (n=5-6).
group, p21 expression was slightly increased. Cyclin B1 and Bcl-2 expression was decreased although Bax expression was unaltered. XAF1 mRNA was up-regulated, but its protein expression was not increased.
Effect of Aza and VBL on the cell growth and cell cycle of RCC cell lines in vitro.
The in vitro assays were performed with three different RCC cell lines: Caki-1, 786-O and A498. In all three cell lines, cell growth was inhibited in a dosedependent manner by the treatment of Aza alone. Moreover, the cytotoxicity of 10 nM VBL alone was enhanced by pre-treatment with Aza (Fig. 4) . From the results of the MTT assay, we selected 0.1 µM (Caki-1 and A498) and 0.5 µM (786-O) for the concentration of Aza that induced a potent combinatory effect. Cell cycle analysis (Fig. 5) showed that the cell population in the subG1 phase was increased by drug treatment in all cell lines. In particular, in the 786-O and A498 cells, the ratio of subG1 was increased more potently by co-treatment than by treatment with Aza or VBL alone. In the Caki-1 cells, the ratio of subG1 in the co-treated cells was equal to that in the VBL-treated cells.
Effect of Aza and VBL on protein expression in RCC cell lines in vitro.
In the 786-O and A498 cells, the VBL-induced up-regulation of P-gp was depressed by co-treatment with Aza and VBL (Fig. 6A) . In addition, Bcl-2 expression was inhibited in the Aza-treated and co-treated cells. This result is in agreement with the increase of subG1 cells observed in the cell cycle analysis (Fig. 5) . However, significant changes in P-gp, Bax and Bcl-2 expression were not found in the Caki-1 cells (Fig. 6A) . As the ratio of subG1 cells was only approximately 50% by co-treatment in Caki-1 (Fig. 5) , we also investigated the expression of cell cycle factors. As shown in Fig. 6B , the expression of p21 was increased by drug treatment. The expression of cyclin B1 and p-cdc2 was almost abolished by treatment with VBL alone but was partially recovered by co-treatment. There was no difference in the expression of cdc2. The changes in protein expression obtained by both in vivo and in vitro assays are summarized in Fig. 7 .
Methylation status analysis of the p21 gene promoter in
Caki-1 cells. Finally, we focused on the Aza-induced upregulation of p21 expression and investigated the methylation status of the promoter region of the p21 gene to clarify the direct target genes of Aza. The expression of p21 mRNA was 2.7-fold higher in the cells treated with 5 µM Aza than in the control cells (Fig. 8A) . However, methylated sequences were not detected in the control cells by methylation-specific PCR (Fig. 8B) .
Discussion
We previously reported that the cytotoxicity of VBL was enhanced by pre-treatment with Aza in Caki-1 cells, using an in vitro assay (27) . In this study, we investigated the effects of the combined treatment with Aza and VBL in a Caki-1 xenograft model and in a series of RCC cell lines in vitro.
In the first set of experiments, we found that xenograft tumor volume and weight were significantly reduced by co-treatment with Aza and VBL, compared to the control. Moreover, there was only minimal loss of body weight in the mice treated with the drugs. From these observations, the combination therapy with Aza and VBL seems to be safe and effective against Caki-1 cell proliferation in vivo.
We investigated the mechanisms of this combination effect by measuring the mRNA and protein expression levels in isolated xenografts. The high expression of P-gp is considered to be one of the causes of drug resistance in cancer, and VBL is a substrate of P-gp. In this study, we found that xenograft P-gp expression was lower in the co-treatment group than in the control or VBL treatment alone groups. It is possible that the cellular concentration of VBL was increased and that the antitumor effect of VBL was thus potentiated in the co-treatment group. As P-gp can contribute to RCC chemoresistance (13, 14) , treatment with Aza in combination with cytotoxic drugs is a very promising approach for overcoming RCC drug resistance.
In this study, changes in P-gp expression were not parallel with changes in MDR1 mRNA expression because MDR1 mRNA levels were up-regulated in the co-treatment group. The following report however, helps to clarify the uncoupling between mRNA and protein expression. Yague et al reported that MDR1 mRNA was up-regulated by short-term exposure of leukemic cells to colchicine and VBL, whereas P-gp expression was not increased (30) . The authors further clarified that this translational blockade resulted from the failure of mRNA to associate with the ribosomes. In our in vivo study, certain regulatory mechanisms could have possibly affected the translation of P-gp.
It has been reported that p21 is an inhibitor of cyclindependent kinases and an inducer of both G1 and G2 arrest (31, 32) . Cyclin B1 is crucial for the transition from the G2 to the M phase. Aza induces G2/M arrest via the up-regulation of the p21 protein and the down-regulation of cyclin B1 mRNA in pancreatic cancer cells (33) . In our study, p21 expression was moderately increased and cyclin B1 was decreased in the co-treatment group with Aza and VBL, compared to the control or VBL treatment alone groups. Therefore, we speculated that G1 and G2 arrest could contribute to this combined effect. In addition, we speculated that apoptosis could be potentiated by the co-treatment because the expression of the anti-apoptotic Bcl-2 was suppressed, but that of pro-apoptotic Bax remained unchanged.
We previously reported that Aza (2.5 mg/kg, by i.p. injection, once a week) alone markedly inhibited the growth of Caki-1 xenografts and that Cx32 mRNA expression was restored in the xenografts, which suggested the contribution of Cx32 to the antitumor effect of Aza (34) . In addition, the intratumoral VEGF content was decreased by Aza treatment. In the present study, however, the mRNA expression of Cx32 was not increased and that of VEGF was unaffected both by Aza alone and by co-treatment with Aza and VBL. This is possibly due to the fact that we administered a smaller dose of Aza in this study (1.5 mg/kg) than in the previous one (2.5 mg/kg). It is possible that Cx32 and VEGF did not mediate the Azainduced antitumor effect observed in the present study.
E-cadherin is a tumor-suppressor protein that can inhibit cell invasion and negatively regulate cell proliferation (35) . XAF1 directly binds to XIAP and antagonizes XIAP-mediated caspase inhibition (36) . It has been reported that low XAF1 expression in RCC tissues is associated with poor prognosis (37) . In our study, however, we did not find a significant increase of E-cadherin mRNA and XAF1 protein in the co-treatment group. Thus, we speculated that E-cadherin and XAF1 are not involved in the mechanism underlying the combined effect of Aza and VBL.
We then examined whether the combined effect of Aza and VBL was generally observed in other RCC cell lines. Using in vitro assays, we showed that the cytotoxic effect of VBL was enhanced by pre-treatment with Aza in 786-O and A498 cells, similar to what was observed in the Caki-1 cells.
However, the mechanisms underlying this combined effect were, to some extent, different across the three RCC cell lines. In the 786-O and A498 cells, the population in the subG1 phase was increased and Bcl-2 expression was depressed by co-treatment with Aza and VBL, compared to VBL treatment alone. Therefore, we speculated that the mitochondrial-induced apoptosis mainly contributed to the combined effect in these two cell lines. However, cell cycle regulation could be involved in the combined effect observed in the Caki-1 cells. Although the cyclin B1/p-cdc2 complex, an inactive form of this complex, was almost abolished by treatment with VBL alone, the expression was partially sustained by co-treatment with Aza and VBL. It has been reported that the expression of cyclin B1 and the kinase activity of cdc2 peak at 24 h and are markedly reduced 48 h after treatment with anti-microtubule agents, such as paclitaxel (38) . Yan et al reported that G2/M arrest (induced by an alkylating agent) could be prolonged for 48 h after co-treatment with an inhibitor of DNA methyltransferase. In the above-mentioned studies, the expression of cyclin B1/ p-cdc2 was continuously increased until 48 h after co-treatment with these two agents, whereas it was reduced 48 h after treatment with the alkylating agent alone (39) . In our study with the Caki-1 cells, the expression of cyclin B1/p-cdc2 was partially maintained for 48 h after VBL treatment in the co-treated cells. It is possible that G2 arrest was prolonged by the co-treatment with Aza and VBL, resulting in a more potent decrease in cell viability compared to the VBL treatment alone.
From the results of the present study, it is suggested that apoptosis contributes to a greater extent to the combined effect of Aza and VBL in the 786-O and A498 cells than in the Caki-1 cells. Of these cell lines, Caki-1 expressed the wild-type VHL gene, whereas 786-O and A498 showed mutations in that same gene (2) . VHL mediates the degradation of hypoxia-inducible factor-α (HIF-α), which plays a key role in the regulation of angiogenesis and glucose metabolism under oxygen-deficient conditions (40) . Mutations in the VHL gene are frequently observed in RCC (41) , where HIF-α constitutively accumulates even in normoxic conditions. While many studies indicate that HIF-α contributes positively to tumor growth (42) , apoptosis is induced by chronic hypoxia through the induction of the pro-apoptotic BNip3 protein (43, 44) . As HIF-α is constitutively expressed in 786-O and A498 cells due to the VHL gene mutation (2), it is possible that these cells are more sensitive to apoptosis than Caki-1 cells.
To clarify the direct target genes of Aza, we investigated the methylation status of the promoter region of the p21 gene. However, we found that the p21 promoter was unmethylated in the control cells by methylation-specific PCR. Therefore, the increase in p21 mRNA expression may not be mediated by the demethylation of the gene. In future studies, it would be of interest to search for other Aza target genes.
Although the expression of P-gp and Bcl-2 was inhibited in the Caki-1 xenografts of the co-treatment group, these expressions were not affected in the in vitro assay with the Caki-1 cells. This discrepancy possibly occurred because the concentration of the drugs that reached the tumor tissue in the xenograft model was different from that of the drugs added to the cultured cells.
In this study, we show that the co-treatment with Aza and VBL significantly suppresses RCC growth in a xenograft model with a minimal decrease in body weight. We suggest that this effect is mediated by the suppression of P-gp, which may facilitate VBL accumulation, as well as the enhancement of apoptosis and cell cycle arrest. In addition, we confirmed this combined effect in several RCC cell lines in vitro. These findings show that Aza could be useful against solid tumors and that the activity of conventional cytotoxic agents can be improved by combination therapy. Finally, we suggest that the combined treatment with Aza and VBL could be a promising novel therapy against RCC.
